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Abstract

This paper concerns the transient dynamic
analysis of the B-52 aircraft carrying the Space
Shuttle solid-rocket booster drop-test vehicle
(SRB/DTV). The NASA structural analysis (NASTRAN)
finite~element computer program was used in the
analysis. The B-52 operating conditions considered
for analysis were 1) landing and 2) braking on
aborted takeoff runs. The transient loads for the
B-52 pylon front and rear hooks were calculated.
The results can be used to establish the safe
maneuver envelopes for the B-52 carrying the
SRB/DTV in landings and brakings.

Nomenclature

A = dynamic~load scale factor

DCL = left-rear-hook drag load, 1lb

E = Young's modulus of bar element,
1b/in.?

F = dynamic load, 1b

Fe = front landing gear braking
force at grid point 6, 1b

Fis = rear landing gear braking
force at grid point 15, 1b

G = shear modulus of bar element,
1b/in.?

g = gravitational acceleration,
386.4 in./sec?

he = front landing gear length, in.

his = rear landing gear length, in.

1 (1,3 = 1,2,3) = moments of inertia of nodal
weight based on [x31, x2, x3]
system, 1b.in.?

IP (or IY) = pitching (or yawing) moment of
inertia of DTV, 1b-in.?

IR = rolling moment of inertia of
DTV, lb+in.?

KP = spring constant for pylon
pitching motion, in.-1lb

KS = spring constant for pylon side

motion, lb/in.

*Aerospace Engineer. Member AIAA.

This paper is declared a work of the U.S.
Government and therefore is in the public domain.
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spring constant for pylon yaw
motion, in.-lb

mass matrix

braking moment at grid point 6,
1b-in.

braking moment at grid point 15,
1b-in.

mass of DTV, lb-secz/in.

front landing gear reaction
force, 1b

rear landing gear reaction
force, 1b

front-hook side load, 1b
rear-hook side load, 1b
time, sec

front-hook total vertical load,
1b

front-hook dynamic vertical
load, 1b

front-hook static vertical
load, 1b

left~-rear-hook dynamic vertical
load, 1b

left-rear-hook dynamic verticsl
load, 1b

left-rear-hook static vertical
load, 1b

sink velocity of B-52, ft/sec

weight of mass element (nodal
weight), 1b

weight of B-52, 1b
DIV weight, 1b

weight on front landing gear,
1b

weight on rear landing gear,
1b

global rectangular Cartesian
coordinates used in NASTRAN
model, in.

local rectangular Cartesian
coordinates for mass element
used in NASTRAN model, in.



0 = B~52 nose-up angle, deg

0, 0,0 = rotation about the x~, y-, or
X y
z-axls, rad

u = coefficient of friction between
landing gear tires and the
ground surface

1 = delay time, sec

1o = braking force ramp rise
time, sec

Wp = vibration frequencies of
pylon in pitching motion,
1/sec

w = vibration frequencies of

S . . X
pylon in side motion, 1/sec
wy = vibration frequencies of

pylon in yaw motion, 1/sec

[71, [] = time derivatives, 1/sec,
1/sec?

Introduction

The performance of the decelerator system
(i.e., the main parachute) of the Space Shuttle
solid-rocket booster (SRB) was investigated by
using a scale model drop-test vehicle (DTV). The
DTV, which carried only one main parachute (the
actual SRB has three main parachutes), was
attached to a pylon on the NASA B-52 carrier air-
craft by means of one front hook and two rear
hooks (see Figs. 1 and 2). The DTV was then
carried to high altitude and released from the
B-52 to test the deployed SRB main parachute.

In the past captive flights (i.e., no
releasing of the DTV from the B-52), the B-52
pylon front hook was loaded up to considerable
levels. The most serious instances were the
quarter~elevator throws (the front hook load
reached 89% of the limit load of 37,700 1b),
ground turns (the front hook load reached 79% of
the limit load), and landings (the front-hook
load reached 76% of the limit load). Because of
these recorded high loading levels of the front
hook, there 1s concern about possible overloadings
of the front hook in an upcoming new series of DTV
tests.

In order to reduce the pitching moment of
inertia and thereby reduce the front-hook dynamic
loadings, the DTV was shortened slightly. Before
testing the revised DTV system, it was necessary
to perform preflight transient dynamic analyses of
the entire B-52/DTV system, and to estimate the
range of the front-~hook loadings under conditions
imposed by various maneuvers of the B-52. This
paper concerns the transient dynamic analysis of
the B-52/DTV system when either landing or braking
on aborted takeoff runs. The front- and the rear-
hook loading levels calculated under different
landing and braking conditions can then be used to
establish the safe maneuver envelopes for the B-52
carrier aircraft.

Transient Dynamic Analyses

NASTRAN Finite-Element Modeling

The NASA Structural Analysis (NASTRAN) finite-
element computer program~ was used in the transient
dynamic analysis of the B-52/DIV system. As shown
in Fig. 2, the B-52 carrier structure was modeled
by using CBAR elements (uniform cross section bar
element) for carrying the structural stiffnesses;
the B-52 structural masses were lumped at most of
the grid points, and were modeled by using C@NM1
elements (concentrated mass elements of type 1) for
carrying the structural inertia effect. Landing
gears were not modeled. Grid points 9, 17, 26, 43,
62, 64, 71, and 73 are massless points; therefore,
they were removed in the dynamic analyses with
@MIT cards. Figure 3 shows the NASTRAN model of
the B-52 carrying the DTV. The front and rear
landing gears are located at grid points 6 and
15, respectively. The center of gravity of the
B-52 varies between grid points 12 and 13. Because
of very high stiffnesses, elements lying between
grid-points 7 and 9, 9 and 10, 16 and 17, 23 and
26, and 24 and 43, were modeled as rigid elements,
using CRIGD1 constraints (rigid constraints of
type 1).

The vertical tail has extremely high vertical
bending stiffness (about the y-axis); therefore,
CRIGD2 constraints (rigid constraints of type 2)
were used to force the entire vertical tail to
rotate as a whole about the y-axis. Namely, rota-
tions about the y-axis of grid-points 27 through
35 were made identical to those of grid-point 26.
Also, because of very high lateral bending stiff-
nes (about z) of the wing roots, rotations about
the z-axis of grid-points 67 and 68 were set equal
to that of grid-point 9 through the use of CRIGD2
constraints. The reason for using the above rigid
constraints CRIGD1 and CRIGD2 was to avoid the
solution errors caused by using very large values
of stiffnesses for the CBAR elements.

For each CPNMl element, a local rectangular
Cartesian coordinate system (x3, X3, x3) (with
origin located at the associated mass grid point)
was defined by using C@RD2R cards. At each mass
grid point, the mass matrix [M] was set up in the
(x1, X2, x3) system for input to the C@PNMI card.
Because the centers of mass of most of the CPNML
elements were offset from the associated grid
points, some of the off-diagonal terms in [M]
shown below were nonzero:

FW 0 0 0 x3W —xzw-
W 0 -x3Ww 0 x W
. W oxoW -x W 0
M) = g Iin -Tip -Ipg w
[symmetry] I, -Ip3
L 133

where W is the weight of the C@NMl element (or
C@NM2 element described below), and Iy

(1,j =1, 2, 3) are the weight moments of inertia
of the CPNMl element (or CPNM2 element) referred
to the (x1, x2, Xx3) system. The DTV was modeled
by using one CPNM2 element (concentrated mass
element of type 2) with the DIV center of mass



located at grid point 85 (no mass offset). The
mass matrix [Eq. (1)] of this CPNM2 element is
based on a local rectangular Cartesian coordinate
system, with the origin at grid-point 85, defined
by using a CPRD2R card. The mass of the pylon

was lumped at grid-point 70 and was represented by
a CPNM1 element whose mass matrix [Eq. (1)) is
based on a local rectangular Cartesian coordinate
system, with origin at grid-point 70, defined by a
CPRD2R card. In the data input to the mass matrix
[Eq. (1)] for all the mass elements C@NM1 and
CPNM2, weight was used, which was converted into
mass through the use of a PARAM/WTMASS card.

In modeling the pylon, two cases were con-
sidered: a rigid pylon and an elastic pylon. For
the case of the rigid pylon, grid-point 85 was
rigidly attached to grid-point 70 through a CRIGD1
rigid constraint. For the elastic pylon, a CRIGD2
card was used to rigidly couple the motions in the
x- and z-directions of grid-point 85 to those of
grid-point 70 (i.e., perfectly rigid in
z-extension, infinite shear stiffness in the x-z
plane). The rest of the degrees of freedom were
set free (see Fig. 4). For the yaw motion, a tor-
sional spring CELAS2 element was attached between
grid-points 70 and 85 (Fig. 4a) to allow spring
resistance only in yaw motion (sixth degree of
freedom). For the roll motion (or side motion), a
CRIGD1 rigid element was attached between grid-
points 70 and 87 (grid-point 87 is coincidental
with grid-point 85). A spring CELAS2 element was
then attached between grid-points 85 and 87, per-
mitting the motion of grid-point 85 only in
y-direction (second degree of freedom) (Fig. 4b).
Lastly, the pitching elastic resistance was
modeled by connecting a bending spring element
CELAS2 between grid-points 70 and 85, permitting
only the pitching motion (fifth degree of freedom)
of the pylon (Fig. 4c). The spring constants for
the above three CELAS2 elements were calculated
from the measured vibration frequencies (derived
from X-15 reports) using the following equations:

1. w2
Yy _
K = g Iy = 1p @)
KS = nm; (3)
2
LpWp

K= — )

where Ky, Kg, and K, are, respectively, spring
constants for yaw, side, and pitching motions; m
is the mass of the DTV; Ip and Iy are, respec-
tively, the pitching and the yawing moments of
inertia of DTV; and wy, wg, and wp are, respec-
tively, angular vibration frequencies in yaw, side,
and pitching motions.

The entire B-52/DTV NASTRAN model has 88 grid
points, 78 CBAR elements, 7 CRIGD]l elements,
76 C@PNMI1 elements, and 1 CPNM2 element. The
NASTRAN model free system is supported at grid-
points 12 (with components, 1, 2, 3, and 4 con-
strained) and 13 (with components 2 and 3 con-
strained) through the use of a SUPORT card which
is to remove the stress-free, rigid-body motion
component from the free system.

Forcing Functions

In the landing analyses, four cases of landing
conditions were considered, and are shown below:

Front landing gear

Sink speed Nose-up touchdown delay time
Case Vg, ft/sec angle, deg T, sec
1 3 3 0.82
2 3 6 1.30
3 3 0 0
4 6 3 0.47

The landing-gear reaction forces (obtained
from the manufacturer) at the fuselage for the case
Vg = 3 ft/sec, 6 = 3°, are shown in Figs. 5 and 6.
The landing-gear reaction forces for the remaining
three cases are similar and, therefore, are not
shown. Those landing forces are to be applied at
grid-points 6 (front-landing-gear attach point) and
15 (rear-landing-gear attach point) of the NASTRAN
model. Those forcing functions (e.g., Figs. 5
and 6) were converted into tables by using TABLED1
cards for input to the NASTRAN model. The TABLED1
cards were used in conjunction with the following
cards in the Bulk Data Deck:

TLPAD1 = Define a time-dependent dynamic load of
the form AF(t - 1)

DAREA = Define the dynamic load scale factor A

DELAY Define the dynamic load delay time

DL@AD

[

Combination of dynamic load

Also, in the Case Control Deck, the dynamic
load set must be defined through DL@AD = n, where
n 1is the set identification number. The initial
velocity (sink velocity, in the negative
z-direction) of the NASTRAN model was defined by
using TIC cards in the Bulk Data Deck for all the
grid points excluding the massless grid points and
the rigid element grid points. In the Case Control
Deck, the transient initial condition set must be
selected through the use of IC = n' where n'
is the set identification number. The integration
time-steps and the solution output time-intervals
were specified by using a TSTEP card in the Bulk
Data Deck. The time-delay effect (t) of the front-
landing-gear forcing function can be handled in
two ways:

1) Without using the DELAY card, construct
the front-landing-gear forcing function table
TABLED1 in such a way that the delay time is
absorbed into the table

2) Using the DELAY card, construct the front-
landing-gear forcing function table TABLED1 by
shifting the time origin to the force rising time
[{.e., by using (t - 1) as the time scale]

In the braking analyses, the transient dynamic
forcing functions (landing-gear braking force or
braking moment) for input to the NASTRAN model are
shown in Fig. 7. The coefficient of friction
between the landing-gear tires and the ground



surface was taken to be 0.55. Brakes were applied
when the B-52 was taxiing at 135 knots

(2734.25 in./sec). The lengths of braking force
tamp~-rise-time 1to (Fig. 7) considered in the
braking analyses are

Case TO’ se?
1 0.2
2 0.5
3 1.0

The braking forces and the associated braking
moments at the landing-gear attach points 6 and 15
are given by

Fg = uWs (5)
Fis = uWis (6)
Mg = hgFs €D
Mys = hisFys (8)

where W; (i = 6, 15) is the weight on the landing
gear at grid-point i, where F, (i = 6, 15) and

My (1 = 6, 15) are, respectivély, the braking force
and the braking moment at grid-point i, and where
hy (i = 6, 15) is the length of the landing gear.
The braking forcing functions and the initial con-
ditions were input into the NASTRAN model in a

way similar to that used in the landing analyses.
DELAY cards may be omitted since there is no time
delay of the front-landing-gear forcing function.

Input Data for Structural Model

The grid-point coordinates, nodal weight, and
stiffness data for input to the B-52 NASTRAN model
and the inertia data for input to Eq. (1) were
taken from Ref. 2. Other input data are

E = 10 x 10% 1b/in.?
G =4 x 10° 1b/in.?

B~52 structural damping coefficient
= 0.015 lbesec/in.

DTV weight WDTV = mg = 49,000 1b

DTV pitching (or yawing) moment of inertia
Ip = 1.4591 x 10° 1b+in.?

DTV rolling moment of inertia
Ip = 4.5537 x 107 1b+in.?

Pylon weight = 1170 1b

Pylon mass matrix:

The pylon mass matrix is based on the pylon
mass local rectangular Cartesian coordinate sys-
tem [xi, X2, x3] with origin at grid-point 70, as
shown in Fig. 2. Pylon vibration frequencies are
as follows:

wy = 13.42 1/sec
wg = 15.01 1/sec
wp = 16.49 1/sec

Pylon spring constants:

K, = 6.7970 x 10® in.-1b

K 2.8583 x 10" 1b/in

S

Kp

1.0267 x 109 in.-1b

Results

Figures 8 and 9, respectively, show the
responses of the B-52 NASTRAN model at t = 1.0 sec
and t = 2.1 sec, subjected to an upward
(+z-direction) triangular force pulse (fictitious
landing-gear forces) of 1.5-g magnitude applied at
the front and rear landing gears. For this sample
case, SPC constraints were applied at grid-
points 12 (components 1, 2, 3, and 4 constrained)
and 13 (components 2 and 3 constrained). Notice
that the two outboard engines are under consider-
able pitching motions at t = 2.1 sec (Fig. 9).
Figures 10 and 11, respectively, show the accelera-
tion in the z-direction (z) and the angular accel-
eration (6y) about the y-axis at grid-point 85
(DTV) for {oth elastic and rigid pylons for a sink
rate Vg =3 ft/sec and a nose-up angle 6 = 3°.
The =z (Fig. 10) for both the elastic and rigid
cases are quite close, having about 5 cycles/sec of
oscillations. Using the hook-loads equations given
in the Appendix, all the time-histories of the hook
loads were calculated; they are shown in
Figs. 12-16 for Vg = 3 ft/sec, 6 = 3°, for both
the elastic and rigid pylons. The front-hook ver-
tical loads V, for both the elastic and rigid
pylons are quite close (Fig. 12), with the peak
value (elastic case) reaching 73% of the limit load
of 37,700 1b. The amplitudes of oscillations of
the front-hook side load Sy (Fig. 13), the rear-
hook vertical load Vg (Fig. 14), and the rear-
hook side load Sgj (Fig. 15) are less for the
elastic case than for the rigid case. However, the
reverse is true for the rear-hook drag load Dgj,
(Fig. 16). Notice that the peak value of the front-
hook side load Sp for the rigid pylon (Fig. 13)
exceeded the limit load, and that the elastic
effect greatly reduced the peak value of Sa.

[1170. 0. 0. 0. -22670. 0.
1170. 0. 22670. 0. -32683
1 1170. 0. 32683. 0.
[ ]pylon ¢ 3.6949 x 108 0. 0. @
3.0268 x 108 0.
X [symmetry] 1.1423 x 108 ]




The peak value of Vgp reached only 38% of
the limit value of 57,600 1b. The time-histories
of the hook loads for the rest of the landing con-
ditions — Vg =3 ft/sec, & = 6°; Vg = 3 ft/sec,

3 = 0° (simultaneous touchdown of the front and
rear landing gears); and Vg = 6 ft/sec, 6 = 3°
are quite similar to the case in which

Vg = 3 ft/sec, 0 = 3°; therefore, they are not
shown here. The calculated peak values of V,,
Vers SAs Sc1» and Dgp, for the elastic pylon for
the four landing conditions are listed in Table 1;
the peak values of Vp and Vgj, are plotted in
Figs. 17 (V,) and 18 (Vgr). The landing condition
(Vg = 6 ft/sec, 6 = 3°) induced the highest peak
values of V4 (86% of limit load) and Ve (48% of
limit load). Figures 19 and 20, respectively,
show 2z and 6, at grid-point 85 (DIV) for the
braking condition at 71y = 0.2 sec, p = 0.55, for
both elastic and rigid pylons. The z for the
braking is insignificant when compared with 6
which has about 3 cycles/sec of oscillation for
both elastic and rigid cases.

All the calculated time-histories for the
hook loads (see Appendix) are shown in Figs. 21-25
for the braking condition at 71y = 0.2 sec,
u = 0.55, for both elastic and rigid pylons.
Notice that the rear-hook drag load D¢, (Fig. 25)
reflects the shape of braking forcing function.
The time histories of the hook loads for the other
two braking conditions — tg = 0.5 sec, p = 0.55
and 19 = 1.0 sec, u = 0.55 — are similar to the
case 19 = 0.2 sec; therefore, they are not shown.
The braking tends to decrease the mean value of
Vo from its static value and increase the mean
value of Ve, from its static value. However, the
peak values of Vgp stay well below the limit
value. The peak values of Vu, Vgp, Sp, Sc1,» and
Dc;, for the elastic pylon for the three braking
conditions are tabulated in Table 1, and the peak
values of V,, V¢i, and D¢y, are plotted in
Figs. 26-28. The braking condition 1t¢ = 0.2 sec,
u = 0.55 gives the highest peak values of Va
(39% of the limit load), Ve (46%Z of the limit
load), S, (89% of the limit load), Sc1, (41% of the
limit load), and D¢, (53% of the limit load). The
peak values of Vp for all three cases stay close
to its static value.

Summary

The NASTRAN finite-element computer program
was used in transient dynamic analyses of a B-~52
aircraft carrying the Space Shuttle solid-rocket
booster drop-test vehicle when either landing or
braking. All the hook loads of the B-52 pylon were
calculated for different landing and braking condi-
tions. Both elastic and rigid pylons were consid-
ered. For landing, it was found that the vertical
hook loads were more sensitive to the landing con-
ditions than side and drag loads. The landing
condition (6-ft/sec sink rate, 3° nose-up) was
found to be the worst case; it caused the peak
value of Vp to reach 86% of its limit load, and
the peak value of VoL to reach 48% of its limit
load. For braking, the peak values of V, and
Vci are relatively insensitive to the braking
conditions, but the side loads of both front and
rear hooks oscillate considerably about their
static values (i.e., zero). The rear-hook drag
load was quite sensitive to the braking conditions.
Braking tends to decrease the front-hook mean ver-
tical load, and slightly increase the rear-hook

vertical load from their respective static
values.

The information on the hook loads can now be
used as a basis to establish safe maneuver envelopes
for the B-52 carrying the SRB/DTV when landing or
braking.

Appendix: Equations for Hook Loads

The following equations for hook loads were
developed in accordance with the dimer 3ions shown
in Figs. 29 through 31.

1) Front-hook dynamic vertical load VaD
(considering moment about point A) (Fig. 30a):

w0~ 700 (m5(6°-8) - mi(27.35 - 17.5)
+ {1, + m{(60.8)% + (27.35 - 17.5)2]}éy) (A1)

2) Front-hook static vertical load V., .:

AS
60.8 _
Vas = 211.0 “prv 3 Vpry T me (a2)
3) Front-hook total vertical load VA:
V., =V + V (A3)

4) Front-hook side load S, (considering
equivalent moment about point 0) (Fig. 30b):

5, = 355755 {m5(60.8) - [I, + m(60.8)218,} (A4)

where 220.29 is the equivalent moment arm (from
Ref. 3).

5) Rear-hook dynamic vertical load Vern
(considering moment about point CR) (Fig. 31):

1 .. .
VCLD = 67.624 ((mz - VAD)(31.312) - my(9.85)

- 5,(16.3125)
- {Ip + m[(9.85)% + (31.312)2]}éx) (AS5)

6) Rear-hook static vertical load VCLS:

150.2
211.0 "p1v (a6)

1
VCLS T2

7) Rear-hook total vertical load VCL:

Ver = Vo * Vers (A7)

8) Rear-hook side load SCL:

SCL =my - SA (A8)

9) Rear-hook drag load Dcp, (considering
equivalent moment about point 0) (Fig. 30b):



1

_ 298 _ s
DCL = 1484475 {[Ip + m(60.8) ]Oz my (60.8)}
+ 1 mi (A9)
2

where 1484.475 1s the equivalent moment arm (from
Ref. 3).
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Table 1 Peak hook loads associated with different landing and braking conditions
A% 1b \' 1b
. A’ CcL’?
Condition SA’ 1b SCL’ 1b DCL, 1b
(% load 1limit) (% load limit)
Landing
VS, ft/sec 0, deg
3 0 21,870(58%) 20,220(35%) 1,708(20%) 4,457(18%) 4,190(13%)
3 3 27,703(73%) 21,751(38%) 3,2062 5,196(21%) 8,667(28%)
3 6 32,083(85%) 23,371(41%) 3,004% 8,3354 11,7334
6 3 32,600(85%) 27,682(48%) 3,042% 5,637 9,9574
Braking
Tp, sec
1.0 14.138(38%) 22,138(38%) 1,513(17%) 1,134(5%) 14,278(46%)
0.5 14,157(38%) 22,895(40%) 2,359(27%) 2,646(11%) 14,643(47%)
0.2 14,888(39%) 26,638(46%) 7,717(89%) 9,984(41%) 16,717(53%)
Limit load, 1b
37,700 57,600 8,667 24,501 31,290

%peak values within t = 3 sec

limit of computation; actual peak values could be higher.
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Fig. 1 Geometry of Space Shuttle solid-rocket booster drop-test vehicle (DTV) attached to B-52 pylon; view
looking inboard at right side of B-52 and SRB/DTV.
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Fig. 2 B-52 structure represented by bar elements and concentrated mass elements.
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